Tip-enhanced near-field optical microscopy (TENOM) is a scanning probe technique capable of providing a broad range of spectroscopic information on single objects and structured surfaces at nanometer spatial resolution and with highest detection sensitivity. In this review, we first illustrate the physical principle of TENOM that utilizes the antenna function of a sharp probe to efficiently couple light to excitations on nanometer length scales. We then discuss the antenna-induced enhancement of different optical sample responses including Raman scattering, fluorescence, generation of photocurrent and electroluminescence. Different experimental realizations are presented and several recent examples that demonstrate the capabilities of the technique are reviewed.
Introduction
Since the first reports about 15 years ago tip-enhanced near-field optical microscopy (TENOM) has continuously developed and is now a powerful and versatile technique capable of producing high-spatial resolution optical images combined with strong signal enhancement. This development has been followed by a number of review articles. [1] [2] [3] [4] [5] [6] In this review we briefly illustrate the physical principle of TENOM and describe the different experimental realizations. We focus on more recent progress within the last five years both with respect to our conceptual understanding of tip-enhancement and regarding experimental improvements.
Conceptually the development of a clear description of the antenna function of the tip that is the origin of signal enhancement was an important step leading to the introduction of the term optical antenna and the definition of its key parameters. [7] [8] [9] Following this concept tips can enhance several distinct photophysical sample responses including photo-induced light emission, photovoltaic responses and electrically driven light emission (Fig. 1 ).
Experimental improvements have been achieved mainly regarding new probe designs often stimulated by antenna structures used in the radio and microwave frequency range. Moreover, the development of new probes was substantially supported by refined modeling of their enhancement characteristics and facilitated by our improving capabilities regarding nanofabrication. Besides being tailored towards optimum signal enhancement antenna structures were also designed to open up new illumination and detection schemes.
We then review several recent examples of TENOM applications with the focus on single molecule and single nanoobject experiments to illustrate the capabilities of the technique. In contrast to high-resolution far-field schemes such as photoactivated localization microscopy (PALM), stochastic optical reconstruction microscopy (STORM) and stimulated emission depletion microscopy (STED) that are limited to date to fluorescent samples, tip-enhancement turned out to be a more general and versatile scheme. TENOM is shown to be applicable to various types of signals including Raman scattering and fluorescence as well as photocurrent and electroluminescence. In addition, the enhanced detection sensitivity of TENOM makes it ideally suited to study very weak responses resulting from single molecules or single nanoobjects.
Physical background

Diffraction, optical near-field/far-field
The diffraction limit of conventional optical microscopy is the result of limited spatial frequencies being carried by propagating optical fields from the sample to the detector. This can be visualized for example using the angular spectrum representation of optical fields 10 in which free-space propagation of spectral field components % E (k x , k y , z = 0) into the z-direction can be calculated by multiplication with the propagator exp(ik z z). For larger spatial frequencies (k x 2 + k y 2 ) > (2pn/l) 2 the z-component k z is imaginary and the associated wave becomes evanescent. We note that for optical detection after sample illumination the window of spatial frequencies (k x 2 + k y 2 ) can be shifted in k-space by structuring the illumination intensity (structured illumination microscopy, SIM). This can be used to extend the detected spatial frequency range and can provide a spatial resolution factor of 2 below the Abbe limit. High-resolution near-field optical techniques exploit shortranged sample-probe interactions mediated by evanescent fields. First near-field microscopy images of single fluorescent molecules have been reported using aperture probes that make use of the near-field interaction between a sub-wavelength aperture and the sample. 11 Another approach utilizes active probes such as fluorescent molecules or defect centers in diamond. Here the near-field interaction with the sample, typically dipole-dipole based, is detected as a change in the optical properties of the probe (e.g. ref. [12] [13] [14] .
The wave vector component
In tip-enhanced near-field optical microscopy the evanescent near-field in the vicinity of sharp metallic probes is used to interact with the sample. Crucially, the antenna function of the probe provides efficient coupling between the far-field and the probe's near-field. As a result signal enhancement for objects in the vicinity of the probe can be achieved using a laser source and a detector in the far-field. This signal enhancement and the correspondingly improved detection sensitivity are essential since high spatial resolution is connected to a shrinking sample volume and weaker signals.
Optical antennas
In tip-enhanced near-field optical microscopy the tip acts as an optical antenna by efficiently converting free propagating radiation into localized energy and vice versa. [7] [8] [9] 15 This localized energy can be used to optically excite a receiving object that is in the near-field of the antenna's feed point leading to enhanced absorption of radiation ( Fig. 2) . Conversely, energy released by a transmitting object can be radiated more efficiently. The analogy to radio frequency and microwave antennas stimulated the adoption of their well-developed concepts and of the corresponding formalism and terminology. Enhanced absorption can be discussed in terms of the antenna aperture A(y, f, n pol ) = P exc /I(y, f) that describes the efficiency with which the radiation of intensity I and polarization n pol incident from the direction (y, f) is captured by the antenna to excite the receiver with power P exc . Formally, the antenna aperture corresponds to the absorption cross section of the receiver in the presence of the antenna s = A.
7 Assuming a dipole-like receiver oriented along n p with cross section s 0 without antenna, s can be expressed in terms of the local fields E and E 0 with and without antenna as
Neglecting their vectorial character or assuming the same direction of enhanced and non-enhanced fields, the absorption enhancement can then be expressed by the local field enhancement
On the other hand, eqn (1) clearly illustrates that the absorption enhancement provided by an antenna in general depends on the direction and the polarization of the incident radiation. For metallic antennas particularly strong local fields can result in the optical regime from localized surface plasmon resonances, collective electron oscillations that are controlled by their shape and their material composition (see Section 3.1).
Enhanced spontaneous emission can be discussed in terms of the antenna efficiency e rad and the antenna gain G. While the efficiency measures the ratio between emitted power P rad and the total dissipated power P corresponding to e rad = P rad /P, the antenna gain also considers the angular distribution of the radiated power determined by the directivity D(y, f) following
Absorption and emission at the same optical frequency can be connected following the reciprocity theorem. For a dipolar absorber/emitter, reciprocity leads to a relationship between its excitation rate G exc and its spontaneous emission rate G rad . 7, 9 G exc;y ðy; fÞ G 
Here, the superscript ''0'' refers to the absence of the antenna and the subscript ''y'' indicates the polarization state; that is, the electric field vector points in the direction of the y unit vector. An equivalent equation holds for polarization in the f direction. A good transmitting antenna is therefore also a good receiving antenna. Interestingly, excitation in a direction of high directivity allows the excitation rate to be enhanced more strongly than the radiative rate. 7, 9 Neglecting again the vectorial character or assuming the same direction of enhanced and non-enhanced fields, the spontaneous emission rate enhancement can also be expressed by the local field enhancement
Evidently, the angular dependence of the antenna aperture A and directivity D are of prime importance for the resulting signal enhancement and need to be considered in the design of the experiment and the optical microscope (Section 3.2). In addition, both antenna characteristics can exhibit a pronounced frequency dependence, e.g. in the case of plasmonic particle resonances of different multipolar orders (Section 2.3).
Several important differences between optical antennas based on metals and their long-wavelength counterparts exist that are mostly due to the fact that metals are not perfect conductors at optical frequency. Key distinctions include intrinsic material resonances such as quantum state excitations (metals, semiconductor homo-and heterostructures) and extrinsic resonances (surface plasmon/phonon polaritons) at optical frequencies. Moreover, in the absence of discrete inductors, capacitors, and resistors, used in connection with RF antennas new design strategies must be developed to impedance match the antenna to the load, ultimately in the form of a vibrational, electronic, or spin excitation on the quantum level. 15 
Signal enhancement
As discussed in the previous section, it is the antenna function of a tip that enhances the optical response of the sample by increasing both the excitation and the spontaneous emission rate. In the experiment care has to be taken in order to match the excitation profile and the angular detection range of the optical microscope to the antenna aperture and directivity (Section 3.2). The following discussion shows how distinct optical processes can be enhanced using optical antennas.
2.3.1 Tip-enhanced Raman scattering (TERS). In the case of Raman scattering the signal depends on the product of the transition rates G exc , y (y, f)G rad , the directivity D y (y, f) and the detection efficiency Z y (y, f) of the experimental setup. Furthermore all these quantities will be wavelength dependent. The total signal at a given wavelength then results from angular integration S Raman;y ¼ 1=ð4pÞ
The f integration can be limited to the maximum collection/ detection angle f m = arcsin(NA/n) determined by the numerical aperture NA of the microscope objective and the refractive index n of the enclosing medium. Antenna-enhanced Raman and fluorescence spectra can differ substantially from their far-field counterpart. In both cases the emission spectrum reflects the spectrally varying spontaneous emission rates G rad connecting the same initial (virtual) state to different final states. Following the discussion in Section 2.2 and noting the frequency dependence of the antenna gain G in eqn (2) the antenna can thus substantially modify the spectral shape of emission. In the case of sharp antenna resonances and emission with large spectral bandwidth this will become particularly relevant.
Often, the angular and polarization dependence in eqn (4) is neglected together with the vectorial character of the electric fields (eqn (1)). As a consequence the total signal enhancement is found to scale approximately with the fourth power of the field enhancement for small differences between the excitation and emission wavelength and assuming that the field enhancement at the tip does not depend sensitively on the wavelength.
For the general case of surfaced enhanced Raman scattering (SERS), Raman enhancement factors are reported reaching up to 12 orders of magnitude for colloidal particle aggregates, rough metal films and particular multiple particle configurations involving interstitial sites between particles or outside sharp surface protrusions. [16] [17] [18] Since the signal scales approximately with the fourth power, already moderate local field enhancement, predicted for a single spherical particle to be in the range of f E 2-5 depending on its size and composition, 10, 17 is sufficient for significant signal enhancement. Recent experimental reports of TERS investigations with sub-nanometer resolution that revealed the inner structure of single phorphyrin molecules on the silver surface point to an additional signal enhancement mechanism that occurs for very small tip-sample distances that depend very sensitively on the spectral resonance profile of the tip-surface system. 19 Remarkably, this Raman signal featured a non-linear dependence on the laser intensity suggesting the occurrence of stimulated Raman scattering. A semiquantitative analysis of the signal levels that can be expected in TERS from different sample materials and in different experimental geometries was performed by Berweger and Raschke. 20 The authors discuss how high a signal level can actually be expected within the physical limitations set by field enhancement, damage threshold, tip scattering efficiency, collection and detection efficiency, and the Raman scattering cross section of the sample material for different experimental configurations (see Section 3.2 and Fig. 7 ). 2.3.2 Tip-enhanced fluorescence. The fluorescence intensity depends on the excitation rate G exc and the quantum yield q denoting the fraction of transitions from the excited state to the ground state that give rise to an emitted photon. The quantum yield is expressed in terms of the radiative rate G rad and the non-radiative rate G non-rad through q = G rad /(G rad + G non-rad ). Accordingly, the fluorescence enhancement due to the presence of the metal tip can be written as
As in the discussion of the Raman scattering signal in eqn (4) this simplified form neglects the orientation and polarization dependence of the transition rates and of the detection sensitivity together with the vectorial character of the electric field (eqn (1)).
From eqn (6) it is clear that TENOM works most efficiently for samples with small intrinsic fluorescence quantum yield q 0 such as e.g. semiconducting single-walled carbon nanotubes and fullerenes. [21] [22] [23] For a very low quantum yield emitter (q 0 { 1) the radiative rate can be neglected compared to the nonradiative rate. The quantum yield can then be approximated by q = G rad /G non-rad . If the influence of the antenna on the non-radiative rate is small, the fluorescence enhancement is expected to scale with M Flu E f 4 as in the case of Raman scattering. For highly fluorescent samples, such as dye molecules, on the other hand, the quantum yield q 0 is already close to unity and cannot be enhanced further. In this case fluorescence enhancement will only reflect the excitation rate enhancement M Flu r G exc /G 0 exc . Because of the small separation between the emitter and the metal tip required for high spatial resolution (below 10 nm in typical experiments) non-radiative transfer of energy from the electronically excited molecule to the metal followed by nonradiative dissipation in the metal has to be taken into account. This process represents an additional non-radiative relaxation channel and reduces the number of detected fluorescence photons. While the theory of energy transfer between molecules and flat metal interfaces is well understood in the framework of phenomenological classical theory, 24, 25 nanometer sized objects are more difficult to quantify. Tip-and particleinduced radiative rate enhancement and quenching has been studied in the literature theoretically. [26] [27] [28] [29] [30] [31] [32] Experiments on model systems formed by single dipole emitters such as molecules and semiconductor nanocrystals and spherical metal particles revealed a distance dependent interplay between competing enhancement and quenching processes. [33] [34] [35] [36] [37] [38] [39] Here the role of emitter dipole orientation for the interplay between quenching and fluorescence enhancement becomes apparent. 40 Small cone angles in tip-shaped metal structure are predicted to reduce energy dissipation as compared to spherical particles. 30 Although semiconducting tips will cause less efficient quenching 41, 42 they will also provided weaker enhancement because of lower conductivity at optical frequencies. In addition, they do not support surface plasmon resonances.
While not directly observable in the experiment the change in the radiative rate can be extracted in principle from the measured excited state lifetime as the inverse of the sum of all decay rates t À1 = G rad + G non-rad and the measured intensity I.
For a constant excitation rate with and without antenna, the radiative rate enhancement scales with the intensity ratio G rad /G 0 rad = I/I 0 . In most cases however, antenna-induced excitation rate modifications will complicate this analysis. The influence of the intrinsic quantum yield q 0 on the fluorescence enhancement was studied experimentally by several groups. Bharadwaj and Novotny 23 realized the two limiting cases for high and low quantum yield emitters using nile blue and endohedral metallofullerene molecules. The antenna-molecule distance dependent measurements shown in Fig. 3 (a) demonstrate stronger enhancement for the low quantum yield emitter and pronounced short-ranged quenching for the high quantum yield emitter as expected from the discussion made above. Shafran et al. 43 investigated the influence of q 0 on the signal enhancement for different tip materials by recording the dynamic fluctuations in quantum yield that occur during intensity blinking of single semiconductor nanocrystals (quantum dots). Intensity fluctuations were suppressed by efficient near-field coupling between the tip and emitter that causes rapid energy transfer to
This journal is © The Royal Society of Chemistry 2014 the tip. Tuning between tip-induced enhancement and quenching realized by a vertically oscillating tip made it possible to separate their contributions to the net fluorescence signal. These measurements showed that the near-field signal is dominated by enhancement for silicon tips, quenching for CNT tips, and can be tuned via q 0 to either enhancement or quenching for gold-coated tips. As discussed in Section 2.3.1 the spectral dependence of the antenna gain can lead to a significant modification of the shape of the emission spectrum. For a metal sphere antenna and single fluorescent molecules this has been demonstrated by Kühn et al. 35 The influence of the antenna directivity and the resulting spatial redirection of emission has been studied for different antenna types including metal spheres, finite-length rod antennas and semi-infinite metal tips. 35, 44, 45 These studies also highlighted the substantial influence of the dielectric substrate and the associated spatial emission distribution. Using back focal plane imaging of the photoluminescence (PL) emission excitation and emission rate enhancement could be distinguished and quantified for single semiconducting single-walled carbon nanotubes as was shown by Böhmler and co-workers. 45 2.3.3 Photocurrent and electroluminescence. Photocurrent and electroluminescence spectroscopy provide insight into the optoelectronic properties of materials by probing correlated optical and charge carrier transport phenomena. Following the scheme in Fig. 1 the photovoltaic response is expected to benefit only from excitation rate enhancement and should thus scale with the square of the local field enhancement factor f 2 .
Compared to the optical schemes discussed above this should lead to weaker enhancement and lower spatial resolution. Fig. 4 (b) and (c) show the simultaneously recorded antennaenhanced Raman and zero-bias photocurrent signal of a single electrically contacted carbon nanotube. While the nanotube can be seen in both images with sub-diffraction resolution, the width of the photocurrent signal is apparently broader than that of the Raman signal. This can also be seen in the corresponding cross sections in Fig. 4(d) . Both cross sections can be modeled using a Gaussian lineshape function using the peak width w as fitting parameter. Using the simplified scaling relation for the Raman signal enhancement in eqn (5) the Gaussian curve reflects the spatial dependence of the field enhancement factor f 4 (r). The photocurrent signal cross section should thus follow f 2 (r), the square root of the Raman signal cross section. The ratio of the Raman and photocurrent signal width is thus expected to be ffiffi ffi 2 p , very close to the experimentally determined ratio of 1.47. This supports the signal enhancement mechanism discussed above. Following the discussion of the signal enhancement of the photocurrent the electroluminescence should only benefit from emission rate enhancement.
2.3.4 Quantification of near-field enhancement. Typical experimental configurations of tip-enhanced microscopy utilize far-field illumination of the tip antenna. As a result a far-field contribution without the tip is detected besides the signal resulting from the near-field interaction between the tip and the sample referred to as far-field background. The near-field to far-field background ratio depends on the probed volume and the dimensionality of the sample. 46 For high-resolution imaging of surfaces the near-field signal results approximately from a circular sample surface area with a diameter d nf corresponding to the spatial resolution of p(d nf /2) 2 whereas the confocal area is about p(l/4) 2 resulting in a surface area ratio of (l/(2d nf )) 2 . Considering bulk samples and taking into account the finite decay length of the near-field of about 10 nm and the longitudinal focal depth of about 500 nm in far-field microscopy, this ratio increases further by a factor of 50. From this discussion it is apparent that TENOM works most efficiently for spatially separated low dimensional structures such as quasi 1D quantum wires and nanotubes or quasi 0D emitters such as semiconductor nanocrystals and fluorescent molecules. There are two possible strategies for increasing the nearfield to far-field background ratio: the first is to increase the near-field signal by using antennas that show stronger field enhancement (see Section 3.1), the other is to reduce, suppress or separate the background contribution. This can be achieved by either using particular probes that avoid far-field excitation of the sample area (see Section 3.1 and Fig. 5(b, c, e and f) ) or by separating the background by making use of the fact that the near-field signal decays rapidly with increasing tip-sample distance (see Section 3.2).
The experimental quantification of the near-field enhancement and the local field enhancement factor based on a comparison of the detected intensity with and without antenna is difficult leading to a high degree of variability of the reported values even when the same tip material and excitation wavelength are used. 5, 47 There are several possible reasons for these discrepancies as discussed by Roy et al. 47 Most of them can be attributed to the difficulties in separating the near-field from the far-field contribution and the quantification of the area or volume ratio mentioned above. For spatially isolated single quasi 0D emitters the latter is obsolete. In this case, however, the emitter has to be detectable also without signal enhancement or ensemble data need to be taken as reference. For sample materials of higher dimensionality, the unambiguous determination of the near-field enhancement taken into account the volume ratio is only possible for spatially uniform material properties. Importantly, following the discussion in Section 2.2 the quantification of the near-field enhancement based on intensity data needs to consider the angular radiation pattern of the sample emitters, the antenna directivity, the angular and polarization dependent collection efficiency of the microscope setup and the orientations of the involved transition dipole moments. As an example the influence of the numerical aperture of the microscope and of the substrate material on the detectable Raman signal is shown below in Fig. 7 (see Section 3.2).
Experimental realization
Antenna types
There is a large variety of optical antenna designs that include different materials and shapes (see e.g. ref. 8, 9 , and 48). Depending on the application one has to choose carefully the optimal design. Any optical antenna consists of a plasmonic nanostructure fabricated either with a top down technique such as electrochemical etching and focused ion-beam milling or with a bottom up technique as in colloidal chemistry.
Probably the most common near-field optical probes are solid metal tips made of gold or silver. Solid metal tips can be fabricated by electrochemical etching by dipping a metal wire into an etching solution and applying a voltage between the wire and a circular counter electrode immersed in the solution. [49] [50] [51] In the case of gold tips the etching solution is fuming hydrochloric acid that can be mixed with ethanol resulting in tips with a radius of curvature that can be as low as 5 nm. While this technique delivers reproducibly sharp tips with a rather smooth surface, the actual geometrical shape given by the cone angle, the details of the surface structure and the exact diameter of the tip cannot be controlled. Together with the fact that the tips are not monocrystalline but consist of grains of different lattice configurations this is expected to lead to strongly varying field enhancement factors for selective tips.
52,53
The latter problem could be solved using single crystalline gold nanostructures as both tip and substrate material. 54, 55 Moreover, spectral variations in the elastic scattering and photoluminescence spectra from tip to tip indicate the contribution of geometryrelated particle-like surface plasmon resonances. 56 In fact, the experimentally observed local field enhancement factors for electrochemically etched metal tips reported in the literature vary widely. Besides the geometrical factors mentioned above and the influence of the substrate discussed at the end of this section this can probably be attributed in part to variations in the tip-sample distance, the polarization and energy of the probed transitions and the efficiency of the signal collection realized in the experiment (see Sections
47 Similar values can be derived from the excitation and emission rate enhancement observed in ref. 45 . Experiments on gold tips in air using second harmonic generation (SHG) resulted in somewhat higher local field enhancement factors f ranging from 8-25. 57 Recent studies of very smooth metal tips using electron scattering induced by few-cycle laser pulses to probe the near-field of the tips determined field enhancement factors f between 3 and 6. 58 While the observed field enhancement clearly depended on the tip radius no significant differences were observed between gold and tungsten tips indicating that for these tip structures field enhancement results mainly from a geometrical lightning rod effect rather than from plasmonic or antenna resonances in agreement with theoretical modelling. 58 An antenna probe with a more reproducible geometry that offers reliable enhancement factors is a single spherical metallic nanoparticle. The advantage of this probe is its simple geometry making a quantitative comparison between model calculations and experiment possible. This configuration has been experimentally realized using gold and silver particles attached to a glass tip as support by particle picking. 34, 35, [59] [60] [61] [62] For high quantum yield emitters and a particle diameter of 80 nm fluorescence enhancement factors of 13-15 and 8-9 at optimum antenna-molecule separation have been observed experimentally for silver and gold nanoparticles, respectively. 7 Importantly, these enhancement factors are strongly frequency dependent reflecting the surface plasmon resonance of the particle and the competition between enhancement and metal-induced quenching. 7, 32, 35, 62 While in the quasi-static limit the near-field amplitude does not depend on the particle diameter, an interplay between size-dependent effects such as surface damping of electrons, radiative scattering and retardation leads to a maximum field enhancement at an excitation wavelength of 532 nm for gold particles with a diameter of about 50 nm. 63 These antenna probes indeed deliver reproducible field enhancement factors in the experiment. However, for higher spatial resolution requiring very small nanoparticles, the strength of the enhanced fields cannot compete with that achievable with solid tips. Due to the larger particle diameter one has also to compromise on optical and topographic resolution. These disadvantages can be circumvented by optical antennas formed by two or more coupled metal nanoparticles of decreasing size. 64 The realization of a trimer antenna consisting of three gold nanospheres with diameters of 80, 40 and 20 nm was presented by Novotny and co-workers (see Fig. 5(a) ). 9, 65 In this geometry the enhanced field of the largest particle excites the next smaller one resulting in a field confinement given by the smallest particle at the end of the trimer. This cascade effect leads to a stronger fluorescence enhancement than would have been obtained with a single particle reaching a factor of about 40. 65 Since the confinement is determined by the smallest particle, the optical and topographic resolution is superior compared to the single particle probe where a large diameter particle has to be used in order to achieve sufficient enhancement. An in situ fabrication method of a near-field particle probe was presented by Sinjab et al. 66 The authors used the laser of the optical setup to induce the controlled synthesis of silver nanoparticles at the tip apex that can be immediately used as a near-field probe. The advantage of this in situ method is the reduction of contamination and damage.
Johnson and co-workers 67 introduced the fabrication of solid gold pyramidal tips by template stripping (see Fig. 5(d) ). The power of this method is that it can be used for mass production and delivers uniform, sharp tips giving reproducible and strong local field enhancement of about 10. In addition, all tips have the same opening angle of 70.521 that is particularly well suited to scatter the near-field optical signal into the far-field. 67 The most direct way for adding near-field functionality to an atomic force microscope (AFM) is to use metalized conventional AFM probes. Vapor-coating of the AFM tips with silver or gold under appropriate conditions leads to nanoparticle films that can provide very high enhancement factors. 3, 68, 69 The reproducibility of the tip structure and the resulting polarization and directivity characteristics, however, is typically low. The progress in nanoscale fabrication technologies enables more and more sophisticated and complex antenna designs often mimicking their counterpart in the radio frequency regime. Rod-shaped single particle antennas have been fabricated by different means. Here the aim is to exploit finite-length antenna resonances, for which their particular wavelength scaling behaviour needs to be considered. 70 Taminiau et al. 71 chose the length of a rod-shaped nanoantenna supported by a metal platform to match its l 4 -resonance. As a result the nanoantenna acted as an optical monopole. An alternative approach based on gold nanorods from colloidal synthesis was followed by Bharadwaj and co-workers. 72 An example of two-particle structures are bowtie antennas that provide an intense local field between two facing nanotriangles. 33, [73] [74] [75] By focused ion beam milling, a bowtie antenna can be fabricated at the apex of a tapered optical fiber. Such a probe offers an excellent alternative to conventional fiber probes of similar opening area by increasing the power throughput through the fiber by three orders of magnitude (see Fig. 5(b) ). 76 Besides optimal enhancement some antenna designs aim at the elimination or reduction of the confocal background signal (Section 2.3.4). This can be achieved by avoiding direct exposure of the sample to the laser beam. In the so called tip-on-aperture approach this is done by illuminating the tip fabricated at the end of a metal-coated glass fiber with an evanescent wave resulting from a sub-wavelength aperture. 77, 78 High-spatial resolution and signal enhancement is provided by the sharp tip. In addition, tip fabrication allows tuning the tip length to match antenna resonances further maximizing field enhancement. 71 Other schemes for avoiding the far-field background of the sample make use of plasmon propagation on the tip surface. Here, surface plasmon polaritons (SPPs) launched on the tip shaft at positions several micrometers away from the sample propagate towards the tip end creating a strong local field. The momentum mismatch between excitation light and propagating surface plasmons can be compensated by coupling the laser excitation to a grating structure written by FIB into the tip shaft (see Fig. 5(f) ). 15, 79 Another realization of this scheme utilizes the near-field of a photonic crystal structure fabricated on the top part of the tip to funnel the excitation light into SPPs (see Fig. 5(c) ). 80 Efficient excitation of propagating plasmons can also be achieved using a higher order laser mode coupled into opaque metal coated tapered glass fibers. 29, 81, 82 Bortchagovsky and co-workers 83,84 introduced a probe design that does not require grating coupling or higher order laser modes for plasmon excitation. Here the probe is based on a tetrahedral glass fragment with an extremely sharp tip and edges (radius of curvature in the order of 3 nm) that is coated with a gold film of a thickness of 20-50 nm. The probe geometry supports a plasmon edge mode that can be remotely excited by a Gaussian laser beam incident onto the edge from within the transparent glass body of the tip analogous to the Kretschmann configuration for 2D surface plasmons on thin metal films. 85 Leinhos et al. 86 and Weber-Bargioni et al. 87 suggested coaxial optical antennas that can be thought of as a metal-insulatormetal (MIM) slit. A strong enhancement is achieved by integrating a nanogap directly on the tip so that a metallic substrate as it is used in the gap-mode geometry is not required. These coaxial probes can be fabricated reproducibly with a high yield (see Fig. 5(e) ). A similar design that employs a 3D tapered metalinsulator-metal structure ending in a nanogap is used for the so called campanile probe. 88, 89 Both probes based on a MIM structure offer a nearly background free imaging since the sample is illuminated by the confined field in the gap region only. The field distribution and strength at the end of the tip is strongly dependent on the sample substrate. In a microscopic picture the oscillating charge distribution in the tip induces a mirror charge distribution in the substrate that can cause a further enhancement of the electric field strength. Apparently, the capability of the substrate material for supporting this image charge distribution, characterized by its dielectric function, determines the resulting field distribution and strength. Strongest local field enhancement thus results for metal substrates exceeding that for dielectric surfaces by orders of magnitude. 90 Metal substrates are therefore ideal for Raman signal enhancement and TERS studies (see below Fig. 7) . 5, 47 Due to metal-induced fluorescence quenching for short emitter-substrate separations an additional dielectric spacer layer would be needed for fluorescence studies reducing the achievable signal enhancement. For emitters on an air-dielectric interface, e.g. fluorescent molecules on glass, the dielectric already leads to a significant modification of the spontaneous emission rate depending on the orientation of the molecule's transition dipole moment. 10 This can be exploited by optimized metal nanoparticle antenna configurations. 91 Besides affecting the field strength and distribution, the spectral position of surface plasmon resonances in the tip will also shift upon decreasing tip-substrate distance depending on the dielectric functions of both materials.
10,92,93
Microscopes
Since field enhancement is localized to the tip apex, schemes for tip-sample distance control working on the length scale of a few nanometers are required. Experimental implementations are based on normal or shear-force detection used in atomic force microscopy (AFM) or current detection as in scanningtunneling microscopy (STM). 94, 95 Raster-scanning the probe thus yields both optical and topographic sample information. Focusing of light using a parabolic mirror with high numerical aperture. To generate a strong field component parallel to the tip axis required for efficient field enhancement, scheme (a) and (c) utilize a radially polarized laser mode.
97-99
Illumination schemes can be divided in two classes based on their applicability to non-transparent samples (Fig. 6) . Side-illumination allows studying non-transparent samples for which the polarization requirement of the tip antenna can be easily fulfilled (Fig. 6(b) ). In the case of transparent samples on-axis illumination can benefit from high numerical aperture (NA) objectives with NA > 1 that decrease the size of the confocal volume contributing to the far-field background discussed above in Section 2.3.4 and that maximize the collection efficiency of the emitted light (Fig. 6(a) ). The later point is paramount in the case of weakly fluorescence species for which photobleaching at high excitation densities becomes an issue. For on-axis illumination however, light propagation is parallel to the polarization direction required to excite efficient field enhancement in etched wire tips. This requirement can be fulfilled using higher order laser modes. 97, 98 Non-transparent samples can be investigated at high numerical aperture employing parabolic mirror objectives instead of glass objectives (Fig. 6(c) ). [99] [100] [101] Moreover, parabolic mirrors do not exhibit chromatic aberrations and can be used at all temperatures and under UHV conditions. Their alignment is delicate since already minor deviations lead to substantially altered focal fields and reduced detection sensitivity. 100 In UHV implementations an external lens can also be used as a focusing element that can be adjusted easily and without affecting the vacuum. 102 An alternative approach to investigate opaque samples is the top illumination scheme. 50 By making use of a long working distance objective with a high NA the laser can be focused on the tip apex from the top.
Here the tip must be held at an angle with respect to the propagation direction.
To acquire an image, the tip is positioned in the focus of the objective and illuminated by laser light. The optical signal is typically collected through the same objective and detected either using sensitive avalanche photodiodes (APDs) or CCD-equipped spectrometers after rejecting the fundamental laser light. Raster scanning the sample then allows for the simultaneous detection of near-field optical signals and of the topography of the sample. Spectroscopic images formed by acquiring spectra at each pixel of the scan provide most detailed information allowing for spectroscopic contrast.
In a simplified view, a tip-enhanced near-field optical microscope is built by combining a confocal microscope with a setup for tip-sample distance control, e.g. an atomic force or a scanning tunneling microscope as mentioned above (see e.g. ref. 96 and 103) . While these microscopic techniques are fully developed, their combination certainly adds substantial complexity and will require careful design modifications to achieve a high-degree of user-friendliness. Although there is a huge variety of different probes for AFM, including chemically functionalized and magnetic types, most of the commercially available tips to date cannot be efficiently used for TENOM being based on semiconductor materials that provide only weak signal enhancement (see Section 3.1). At present, the development of well-defined large-scale fabrication processes of metallic or metalized probes with maximized field enhancement factors at high reproducibility and mechanical stability is an important issue.
Coupling an emitter to an optical antenna changes the angular emission according to the directivity of the antenna (see Section 2.2). 44, 45, 104 This has immediate consequences for the actual amount of collected signal. The collection efficiency of the microscope setup is angular and polarization dependent. The collection angle is limited by the NA of the microscope objective. In order to benefit from the antenna-enhanced emission quantified by the antenna gain (eqn (2)), the redirected emission needs to fit within the angular detection range. 45, 105 Drastic signal loss can occur especially when using objectives with a low NA. The collection efficiency of a detection system can be calculated by
Dðy; fÞ sin y dy df
where D(y, f) is the directivity of the antenna taking into account the sample substrate. Calculating the collection efficiency for the case of a vertical optical antenna and a horizontal dipolar emitter on glass for an antenna-emitter distance of about 20 nm for two different objectives with a NA of 0.5 and 1.3 reveals a ratio of Z coll (NA = 1.3)/Z coll (NA = 0.5) E 0.63/0.017 E 37.
105
As a figure of merit for the relative detected fluorescence intensity one can define F = K rad Z coll 2 that considers also the excitation efficiency K rad and neglects changes in the quantum efficiency. 105 For the objectives with an NA of 0.5 and 1.3 this leads to a ratio of F(NA = 1.3)/F(NA = 0.5) E 1373. For a vertical dipole this ratio is even higher. Note that the field Fig. 7 Number of detected photons on a detector pixel as a function of the objective NA. Red curves are in a side-on/top illumination geometry with and without the use of a metallic substrate as indicated. With the dielectric substrate, we assume a Raman enhancement of E10
5
. The dashed line indicates the maximum NA achievable in side-on illumination without the use of a parabolic mirror. The blue curve is under axial illumination (n substrate = n oil = 1.5). The collection efficiency (inset) of the oil-immersion lens under axial illumination is based on results from ref. 106 . The increased emission of light into the denser medium at angles greater than the critical angle is highly beneficial to TERS measurements. Thick green line represents the detection limit for 1 s acquisition time. It can be seen that side illumination benefits significantly from the increased field enhancement that arises due to plasmonic coupling to the metallic substrate. In contrast, the emission pattern of an emitter placed on a dielectric substrate significantly increases collection efficiency in an axial geometry when using oil-immersion objectives (Reprinted with permission from ref. enhancement is strongly dependent on the substrate material (Section 3.1). Using transparent, dielectric substrates can benefit from the high collection efficiency of the axial illumination scheme using high NA objectives (see Fig. 7 ). However, the field enhancement is typically weaker compared to metallic substrates (see Section 2.2). In Section 3.1 different antenna designs that aim either at maximizing the enhancement or eliminating the background signal are described. Another possibility to increase the image contrast is to postprocess the signal by suppressing the background. The first approach makes use of the rapid decay of the near-field signal upon increasing tip-sample distance. In this approach a tapping-mode AFM is used to probe the sample while the optical signal is demodulated at the fundamental or higher harmonics of the tapping mode frequency. In the case of weakly emitting samples such as single fluorescent molecules, time-tagging of the detected photons with respect to the tapping oscillation is used to distinguish between photons generated during small tip-sample distances related to dominating near-field interactions and those detected while the tip-sample distance is increased corresponding to far-field contributions. 107, 108 At present, the corresponding demodulation of CCD-signals is challenging precluding the acquisition of complete spectra at higher harmonic tapping mode frequencies.
A background suppression scheme that also works for tuning fork based systems (due to their high stiffness tuning forks cannot be oscillated at high amplitudes) makes use of an external feedback modulation. 109 By adding a periodic modulation to the set point that controls the strength of the interaction between tip and sample, their distance is modulated accordingly. The background signal is then rejected by demodulating the photon count rate with a lock-in amplifier. This scheme can be employed for any scanning probe system using a feedback loop to control the tip-sample distance. A drawback of all background suppression schemes is the loss of signal enhancement, since the emitter stays only a fraction of time in the near-field of the optical antenna.
Usually the tip-sample distance control achieved by shear-force or tapping mode systems is not very accurate and stable making long measurements at a desired tip-sample distance challenging. If one wants to control the tip-sample distance at the subnanometer scale one can make use of a time-gated illumination technique combined with a tapping mode system. 110 Here, the laser intensity is modulated such that the sample is illuminated only when the oscillating tip reaches a certain vertical distance. Using this scheme one can preselect a tip-sample distance and perform the measurement at this specific distance with an accuracy of below 1 nm. The time gating can be achieved by synchronizing the trigger signal extracted from the tip oscillation with a pulse generator that controls an acousto-optic modulator acting as an optical shutter. 
Applications of tip-enhanced Raman scattering
Raman scattering probes the characteristic vibrational eigenmodes of materials and is thus capable of delivering valuable chemical information. Of particular interest are studies of biological materials for which functionalities are often directly connected to the molecular structure and conformation. Since biomolecules are typically weak Raman scatterers compared to many crystalline materials the large signal enhancement provided by TERS makes the technique particularly interesting. TERS has been successfully applied to study systems such as RNA and DNA, proteins, collagen, bacteria and viruses as summarized in ref. [111] [112] [113] . While most of the TER studies so far consist of single point measurements, there are also few high-resolution spatial images of biological samples. One of them is illustrated in Fig. 8 114, 115 and CdSe nanowires. 116 Berweger and co-workers 117 extended TERS to optical crystallography. By probing different transverse phonon modes of BaTiO 3 nanorods they could spatially resolve ferroelectric domains in the crystal (see Fig. 9 ). Motivated by the ongoing device miniaturization in information technology reaching nanometer length scales, the applicability of TERS to structured semiconductor surfaces has been investigated by several groups. [118] [119] [120] Here Raman spectroscopy is of particular interest since engineered stress/ strain fields used to tune charge carrier mobilities in devices could be visualized by probing local phonon energies. Such studies, however, are impeded by the the significant signal background from the bulk (see Section 4) . By selecting the polarization of the excitation and the detected scattered light phonon selection rules can be exploited to increase the nearfield to far-field contrast. 119, 121 In addition to local field enhancement depolarization due to scattering from the tip can play a significant role in the enhancement process contributing to the complexity of a quantitative analysis of the image contrast. 119 This also underlines the importance of tip-sample distance curves to identify the nature and range of the interaction mechanism. In the past ten years TERS has been demonstrated to be particularly well suited for the studies of graphitic materials such as single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs) and graphene (see e.g. ref. [122] [123] [124] [125] . These materials feature rich phonon and electron-phonon coupling physics making Raman spectroscopy a very useful tool. In addition, these materials are photochemically stable and render clear topographic signatures that can be used for their precise non-optical localization. TERS has been used to study defects and structural variations along single SWCNTs, 124, 126 the effects of local pressure 127 and the influence of doping on the electron dispersion. 122 
Applications of tip-enhanced fluorescence
Fluorescence spectra and transients reflect the energy and population -relaxation dynamics of photoexcited states. Tip-enhanced fluorescence microscopy has the potential to provide access to these material properties on nanometer length scales. Moreover, the local enhancement of excitation and emission can also be used to obtain information on the mobility and spatial extension of photoexcited states. Single fluorescent molecules can be treated as point-like dipolar absorbers and emitters. The excitation and emission rate is proportional to the squared scalar product between the local electric field and transition dipole moment of the molecule. Single molecules can thus be used to probe the vectorial field distribution in the vicinity of the antenna. Following the discussion of the signal enhancement in Section 2.3.2 the resulting fluorescence intensity patterns will also reflect the tip-sample distance dependent quenching by the metal antenna. 43, 76 From the discussion in Section 2.3.2 it is evident that tip-enhanced fluorescence is most efficient for emitters with low quantum yield. 23, 36 Luminescent inorganic nanocrystals or quantum dots have been used for similar studies by various groups. 33, 39, 43, 128, 129 TENOM has been applied to study thin organic films. Zhang et al. 93 recorded tip-enhanced photoluminescence images of a semiconductor film made of diindenperylene on silicon simultaneously with the topography (see Fig. 10 21, 122 Example include investigations on the influence of DNA wrapping on the local emission energy and on the energy transfer between nanotubes in a thin bundle. 96, 130 Quenching of mobile exciton states by the nanotube ends and the competition between local emission enhancement and exciton mobility was studied and modelled qualitatively by Georgi and co-workers. 131 
Tip-enhanced photocurrent microscopy
Due to the size-mismatch between the wavelength of visible light and the dimensions of nanoscale optoelectronic devices comprising novel materials such as e.g. inorganic nanowires or nanotubes, the full potential of these devices could not be exploited so far. For the same reason the details of the electrical-to-optical and optical-to-electrical transduction mechanisms remain hidden in conventional optical microscopy. Using optical antennas the performance of nanoscale optoelectronic devices could thus be improved and, if the antenna is scanned across the sample in close proximity, high-resolution images could be obtained. 7, 132 In most materials direct optical transitions connect charge neutral ground and excited states. Optical excitation of inorganic nanowires and carbon nanotubes predominately leads to the formation of excitons that are also the states dominating photoluminescence. Photocurrent and electroluminescence are phenomena that directly connect these optical excitations to the separation and recombination of charge carriers, respectively. Fig. 11 illustrates how tip-enhanced photocurrent microscopy can be used to study the optoelectronic properties of a carbon nanotube device with nanoscale resolution. Simultaneous hyper-spectral Raman imaging probing different phonon modes provides complementary structural information.
The multi-modal detection in Fig. 11 combining photocurrent, topography and full spectroscopic Raman mapping could potentially be extended further by the large set of scanning probe techniques. As pointed out by Burghard and Mews 133 the antenna could also be used as a local electrical gate or for detecting electrostatic forces (electrostatic force microscopy (EFM), or Kelvin probe microscopy (KPM)). By biasing a metal coated tetrahedral glass tip (see Section 3.1) Gerster and co-authors 134 detected the photocurrent of single photosynthetic proteins further highlighting the versatility of the optical antenna scheme.
Conclusions
The results presented in this review illustrate that tip-enhanced near-field optical microscopy (TENOM) has developed into a very powerful and highly versatile tool for the spectroscopic investigation of nanoscale materials on surfaces. Conceptual developments, in particular the treatment of the enhancement provided by the tip as an antenna effect and the definition of the key characteristics of an optical antenna, substantially improved our understanding of the underlying mechanism and stimulated the design of novel antenna structures. Moreover, from the antenna concept signal enhancement schemes for photovoltaics and electrically driven light emission follow naturally. Besides a broad range of purely optical information TENOM can thus also provide spatially correlated optoelectronic information. With this tool details of the optical-to-electrical and electrical-to-optical transduction in nanoscale devices and hybrid materials could be investigated for the first time on relevant nanometer length scales. Being a scanning-probe approach TENOM can be readily combined with other SPM techniques such as electrostatic force and scanning gate microscopy. Due to this multi-mode capability TENOM can be expected to become of particular relevance for the functional characterization of photovoltaic materials and device architectures used for light energy harvesting. At present active research in the field of TENOM focuses on several directions: first, the continuing expansion of our pool of optical antenna probes and their optimization regarding size, gain and directivity as well as ease of fabrication and reproducibility. Second, an improved understanding of plasmonic phenomena at very short length scales and the contributions of quantum phenomena. Third, the combination with other scanning probe as well as time-resolved optical techniques. All these activities and developments will further advance TENOM with respect to wide-range applicability, signal enhancement and spatial resolution.
